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-physics that controls the characteristics of these jrregularities. A primary
objective of ALTAIR investigations of equatorial irregularities is to seek an
understanding of the underlying physics by establishing the relationship be-
tween meter-scale irregularities (detected by ALTAIR), and large-scale plasma
depletions (or "bubbles") that contain the kilometer-scale, scintillation-
producing irregularities. An important application of this relationship has
been the use of ALTAIR as a real-time locator of intense irregularities for
the purpose of rocket launch criteria.

Measurements of both incoherent-scatter (IS) and backscatter from field-alined
irreqularities (FAI) were made in 1978 with ALTAIR, a fully-steerable high-
power radar, to investigate the magnetic-field-aligned characteristics of
equatorial plasma bubbles. By operating the radar in a latitude-scan IS mode,
we were able to map the location and percentage depletion of plasma bubbles as
a function of altitude and latitude. And, by showing that backscatter from
FAI is spatially collocated with the upper wall of plasma bubbles, were able
to use the spatial displacement of a field aligned backscatter region to esti-
mate the upward bubble velocity. Besides showing that plasma bubbles are in-
deed aligned along magnetic field lines, we use this data set to show that a
plasma bubble with a percentage depletion of as much as 90% does not have as
large an upward velocity as predicted by two-dimensional models. Instead, the
inferred bubble velocity is shown to be in better agreement with the bubble
velocity predicted by theoretical models using flux-tube-integrated value of
electron density and Pedersen conductivity. The need to use flux-tube-inte-
grated values when comparing theory and observation is further stressed by the
presence of a nonuniform latitudinal distribution of electron density (i.e.,
the equatorial anomaly) that was found in the latitude-scan data.
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I INTRODUCTION

The fundamental process that initiates the formation of equatorial
irregularities appears to be the Rayleigh-Taylor instability [Dungey,
1956; Balsley et al.,, 1972; Haerendel, 1974; Hudson and Kennel, 1975].
This theory [Scannapieco and Ossakow, 1976; Ossakow and Chaturvedi,
1978] predicts that plasma-depleted regions, or 'bubbles", with scale
sizes greater than a few tens of kilometers (transverse to the geomagnetic
field) are formed in the bottomside of the F layer. These bubbles then
buoyantly rise upward into the topside of the F layer. This theoretical
model is strongly supported by qualitative features that have been
observed in the nighttime equitorial ionosphere by in-situ measurements
[Hanson and Sanatani, 1973; Kelley et al., 1976; McClure et al., 1977;
Morse et al., 1977] and by iuncoherent-scatter (IS) radar [Towle, 1979;
Tsunoda, 1979]. These measurements have shown that the observed bubbles
have characteristics that imply their origin at lower altitudes and sub-

sequent upwar l movement.

Further evaluation of this theory, however, requires a more quan-
titative comparison between theoretical model and experimental result.
Experimental data are needed to test the basic assumptions implicit in
the theoretical models as well as to verify the theoretically predicted
characteristics, For example, a basic assumption is that the geomagnetic
field lines can be treated as electric equipotentials. This assumption,
and the need to keep theoretical analysis tractable, have led to the
treatment of the Rayleigh-Taylor instability in two dimensions with the
use of local values of both elzctron density and ion-neutral collision
frequency. Haerendel [1974], however, has pointed out [see also Balsley
et al., 1972] that the important parameters are the magnetic flux-tube-
integrated values of electron density and Pedersen conductivity.

Haerendel [1974] and Anderson and Haerendel [1979] have shown that the

use of flux-tube-integrated values (instead of local values) lead to




significant differences in the predicted instability growth characteristics

and plasma bubble dynamics,

Besides consideration of the use of flux-tube-integrated quantities
when comparing theory and experiment, it will be noted that there is a

paucity of experimental evidence showing that plasma bubbles involve

entire magnetic flux tubes, The best evidence published to date is that
of Dyson and Benson [1978]. Using topside ionograms taken from Alouette
IT and ISIS I satellites, they inferred the existence of depleted magnetic
flux tubes in the equatorial ionosphere by interpreting anomalous ionogram

traces in terms of high-frequency radio-wave propagation in plasma bubbles,

Other experimental evidence, indicating the field-aligned nature of
plasma bubbles, includes rocket measurements by Morse et al. [1977] and
airborne 6300A airglow measurements by Weber et al. [1978]. Morse et al.
[1977] found that electron-density structural features were correlated
over several hundred kilometers in latitude, where the separation distance

was determined by the upleg and downleg of the rocket trajectory. Weber

et al. [1978] showed that 6300A airglow depletions were magnetic north-

south aligned, and extended more than 1200 km in that direction. They
further showed through comparisons with ionosonde data, that the airglow ?

depletions resulted from local elevations in the bottomside F layer.

i

They proposed that these airglow depletions might be bottomside F-layer 4

signatures of plasma bubbles,

In this report, we present direct evidence from IS measurements that
plasma bubbles are indeed magnetic field aligned, and that they extend
over many degrees of magnetic latitude., The results were obtained from
a radar experiment in which ALTAIR, a fully-steerable IS radar, was
operated in a latitude-scan IS mode. The electron-density profiles
obtained during the latitude scan are also used to show that there is a
substantial latitudinal variation in background electron density., The 3
magnetic-field-aligned characteristics of the plasma bubble, including
its upward velocity, are shown to be in good agreement with the theoretical
model of Anderson and Haerendel [1979], which uses flux-tube-integrated

quantities,
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I EXPERIMENTAL CONSIDERATIONS

The experiment consisted of operating ALTAIR, a fully-steerable
incoherent-scatter (IS) radar, in two kinds of scans: (1) an elevation
(or latitude) scan in the magnetic meridian (9°E true azimuth), and (2)
an east-west scan. The first scan consisted of making IS measurements
at discrete elevation angles to obtain the background electron-density
profile as a function of latitude, The second scan was used to map the
spatial distribution of equatorial field-aligned irregularities (FAI)--
in particular, the backscatter plumes first reported by Woodman and La
Hoz [1976]. The mapping of plumes with ALTAIR has previously been
reported by Tsunoda et al. [1979], Tsunoda and Towle [1979], Towle [1979],
and Tsunoda [1979].

The location of ALTAIR and the east-west scan geometry for mapping
equatorial FAIL are shown in Figure 1, ALTAIR is located in the Kwajalein
Atoll, Marshall Islands, at a magnetic dip latitude of 4.3°N. The radar
was operated for this experiment at 155.5 MHz, transmitting a 30-us pulse
through a 46-m paraboloid antenna having a 2,.8° beamwidth. The scanned
sector is shown by a shaded region, in which the radar beam becomes
orthogonal to the geomagnetic field. Examples of contours showing the
locations of exact magnetic orthogonality--at altitudes of 105, 400, and
700 km--are also shown in Figure 1., The latitude scan was made in the
magnetic meridian, perpendicular to the east-west scan shown in Figure 1
(in the plane containing the magnetic north vector). The scan was
stepped (south to north) through discrete beam positions, starting and
ending at 20° elevation angle with increments of 10°, Data samples,
spaced at 4.5-km range intervals, were collected and averaged for one
minute (2400 samples) at each beam position, with the total scan being
completed in about 15 minutes, The data samples were also averaged in

range, using a five-point, weighted (12321) running average.
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The radar data were obtained on 18 August 1978, a night of high
spread-F activity, We selected a data set, consisting of a latitude scan
followed by an east-west scan, both taken late at night when spread-F
activity was in a general decline. This choice was made because plasma-
depleted regions were more easily discernible under less disturbed
conditions, when the structure in electron density did not completely
obscure the presence of isolated bubbles. The backscatter map obtained
from the east-west scan is used to identify the backscatter plume
associated with the plasma bubble of interest, and the electron density
profiles obtained from the latitude scan are used to characterize the

plasma bubble and the background ionosphere,
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IITI RESULTS

The results are organized as follows: we first describe the time
history of the vertical movement of the background F layer during the
night when the latitude-scan data of interest were taken. This is done
because knowledge of the post-sunset rise of the F layer and its sub-
sequent downward motion is needed in later discussions of the results,
After describing the vertical movement of the background ionosphere over
ALTAIR, we present the latitude-scan IS data with which we characterize
the magnetic-field-aligned characteristics of a plasma bubble and the
background F layer. Data of backscatter from FAI are shown to be col-
located with the upper wall of the plasma bubble, and then used to
estimate the upward plasma-bubble velocity., This unique set of measure-
ments allows us to evaluate the various theoretical models of plasma

bubble velocity.

The altitude of the bottomside of the F layer, plotted as function
of time, is shown in Figure 2. For convenience, we have arbitrarily
selected the altitude at which the electron density was 10° el/cm3. (By
this choice of F-layer altitude characterization, there is a tendency
to overestimate the vertical velocity produced by the east-west electric
field. However, the other contributing factors~-reduction of electron
density by recombination, and steepening of the bottomside of the F layer
during the electrodynamic lifting of the F layer--are small, and do not
alter the results in this paper.) All of the data shown were obtained by
IS measurements with the ALTAIR beam directed at high elevation angles.
In other words, the plot shown in Figure 2 corresponds to the behavior

of the F layer overhead of ALTAIR.

When the radar was first turned on at 0745 UT (1855 local time), the
bottomside of the F layer was at a 330-km altitude. The F layer rose
rapidly reaching an altitude of 440 km by 0820 UT. Using these two data

points, the upward F-layer velocity was estimated to be about 50 m/s.
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After 0830 UT (except for the perturbation in F-layer altitude that
occurred between 0930 and 1051 UT), the F layer descended at a nearly
uniform speed of 13 m/s. The latitude-scan data of interest was taken
between 1130 and 1200 UT, when the bottomside of the F layer and
descended to 250 km,

The altitude of 440 km, attained by the bottomside of the F layer
on this night, represents one of the highest altitudes ever reached by
the F layer in all of the nights of ALTAIR operation in 1978, The ascent
rate of the F layer also represents one of the highest vertical velocities
observed., (In this section it is also shown that this post-sunset rise
of the F layer was accompanied by an evening enhancement of the equatorial
anomaly,) Correspondingly, plume backscatter activity on this night was
also one of the most disturbed. The descent of the F layer was accompanied
by a general weakening of backscatter plume activity. Plume activity had
virtually ceased by 1248 UT when the bottomside of the F layer had des-
cended to 220 km. (Tsunoda et al. [1979] presented similar examples in
which plume activity was very weak when the bottomside of the F layer
was less than 250 km.)

The electron density profiles obtained from the elevation scan in
the magnetic meridian are shown in Figures 3 and 4. The profiles shown
were taken at 10° intervals in radar elevation angle, starting at 40° (to
the south) and ending at 30° (to the north). Each profile, plotted using
a logarithmic scale, is centered over a tick mark labeled with the time
at which the IS data were collected, The electron density for any given
profile can be scaled from the abscissas as follows: for any given
profile, let the tick mark directly beneath the profile be equal to
105 el/cm3. All other tick marks for that profile represent decade
increments in electron density. For example, the tick mark directly
beneath the profile taken at 1133:40 UT corresponds to an electron
density of 10° el/em® for the profile taken at 1132:35 UL. To facili-
tate comparisons of the profiles, we have shaded that portion of each

profile that is greater than 105 e1/cm3.
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Another feature included in the profiles, that should be pointed
out before describing the electron density distribution in latitude, is
the dashed curve that appears in each of the profiles. These curves
represent 1/100th the value of the mean noise power, and can be used to
determine whether or not structure in the profiles can be attributed to

real variations in electron density, As a rule of thumb,

c -1
ﬁuza SNR (valid for SNR £ 1)
e

n

where oy = standard deviation of electron density

Ne = mean value of electron density
SNR = signal-to-noise ratio
n = number of independent data samples

For this data set (if we do not include the weighted range-averaging),
JE;z 50 and SNR can be estimated by comparing the electron density values
shown in Figures 3 and 4 to their corresponding mean noise power which

is given by the dashed curve. The SNR values range from 0.01 where the
electron density profile intersects the dashed curve, to 0.35 near the
peak electron density values found in some of the profiles in Figure 4.

The error, gN/Ne, therefore, ranges from 200% down to 7%.

Examining Figure 3 first (i.e., the south half of the latitude scan),
we note several features. All of the profiles are reasonably similar
between the altitudes of 300 and 500 km., The profiles tend to be struc-
tured but generally flat, with no clear indication of an F-layer peak.
Peak electron densities (listed below each profile) range from 6 X 105
el/cm3 to 4,3 x 105 e1/cm3, decreasing with increasing elevation (or
latitude). Above 500 km altitude, the two profiles taken at the lowest !
elevation angles display a sharp cutoff in electron density with increasing ‘
altitude. The third profile (60°S elevation) shows an apparent recovery
in electron density at 580 km, 50 km above a similarly sharp cutoff,
suggesting that the cutoff in electron density seen in the other profiles

is really the lower wall of a plasma depletion, or bubble. This primary

13




depletion, on which we focus our attention in this paper, is not evident
in the profile taken at 70°S elevation, but reappears in the profile
taken at 80°S elevation, The reality of this plasma depletion can be
seen by its persistence throughout the profiles shown in Figure 4.

Although the altitude of the plasma depletion decreases with increasing

§ latitude, it is clear that the depletions are all spatially related.

(It is shown later in this section that the decrease in depletion altitude

Bk, o th

with increasing latitude is consistent with magnetic field alignment of
the plasma bubble.,) The depth of the depletion, in several cases, exceeds

an order of magnitude, or 90%.

Examining the profiles in Figure 4, taken to the north of ALTAIR,

it is seen that the peak electron density increases with increasing lati- %

tude. The increase is quite substantial, a factor of almost 7.5 in going
from the profile taken at 80°S elevation to the profile taken at 30°N
elevation. This nonuniform distribution of electron demsity with latitude
is called the equatorial anomaly, and is discussed in the following
section. Another plasma bubble is seen to be located approximately 100
km above the primary depletion just described., Because this bubble is ]
located at a higher altitude (where the radar is less sensitive) than

the primary bubble, we cannot ascertain whether it is as depleted as the

primary bubble.

The final feature in the profiles in Figure 4 worth noting is the
systematic decrease in profile altitude-extent with increasing latitude.
The decrease in altitude extent can be shown to be a real latitudinal
variation and not simply a result of a reduction in radar sensitivity
with increasing range. If the variation was due to radar sensitivity,
the slant range to the "cutoff" in the topside F layer should be nearly
constant. By comparing the slant range at 70°N elevation (750 km) to
that at 30°N elevation (approximately 1200 km), it is clear that the cut-
off altitude and its variation with latitude is real. (later, we show

that the cutoff altitude is nearly aligned along a magnetic field 1line.)

1 The only profile not shown in Figure 4 is that taken at 1139:44 UT.

At 80°N elevation, the radar beam is within a degree of perpendicularity

with the geomagnetic field lines. Consequently, IS signals were masked




by strong backscatter from FAI. Therefore, instead of displaying the
strong backscatter profile in this figure, we have marked the altitude

distribution of backscatter from FAI by vertical black bars.

As might be expected from previous results [Towle, 1979; Tsunoda,
1979], the enhanced backscatter regions are related to features in the

electron density profiles. Backscatter from bottomside FAI is clearly

associated with the base of the F layer. There is also backscatter asso-
ciated with the primary plasma bubble, and is later shown to be associated
with a backscatter plume. Only the backscatter from the highest altitudes
cannot be clearly associated with a profile feature, Because of its
transient nature, however, (i.e., the topside backscatter dissipated in

less than 12 minutes), we do not attempt to discuss its implications,

In an earlier paper Tsunoda [1979] argued, using indirect evidence,
that plume backscatter was often associated with the upper wall of the
plasma bubble. This data set can be used to verify his conclusion,
because the plasma bubble location is determined as a function of time.
Because both profiles, taken before and after the backscatter measurements,
show the plasma depletion to be situated slightly below the altitude of
the enhanced plume backscatter, it may be concluded (for this data set)
that the plume backscatter was associated with the upper wall of the

plasma bubble.

The results extracted from the electron-density profiles shown in
Figures 3 and 4 are summarized in Figure 5, In order to easily visualize
the alignment of the various features with the geomagnetic field, a con-
itour ploi of F-layer electron density was constructed, using the data in
Figures 3 and 4, The contour plot, shown in Figure 5, is plotted in
coordinates of altitude and magnetic north distance from ALTAIR (a corres-
ponding magnetic dip latitude scale is shown at the top of the figure).
The 105 el/cm3 contour is shown only where reasonably reliable estimates
of that electron density could be made. As in Figure 4, black bars are

used to locate the ranges at which enhanced backscatter from FAI was

detected.
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The plasma-depleted region of interest is clearly seen in Figure 5
as a gap separating the two large shaded bands that represent regions
containing electron densities greater than 2 X 105 el/cm3. The curved

lines in Figure 5 represent geomagnetic field lines. Comparing these

curves to the contours of the gap, we find that the plasma-depleted region
is very closely aligned with the magnetic field lines. The depleted
region is seen to extend from over the magnetic dip equator to nearly 10°
magnetic dip latitude. The topside of the F layer is also field-aligned.
And, as discussed above, the enhanced backscatter associated with the
plasma bubble, labeled FAI(F), is spatially collocated with the upper

wall of the depleted flux tube.

The equatorial anomaly, described above in terms of an increasing

peak electron density in the profiles taken with decreasing (north) ele-
vation angles, is clearly seen in the contour plot in Figure 5. Contours
of higher electron density are seen to be confined to the north of
ALTAIR. The two contour segments, above and below the depleted flux
tube, can be interpreted as the lower-latitude portion of the ''crest
region' in the equatorial anomaly where the electron density accumulates
after diffusing down the magnetic field lines from higher altitudes above

the magnetic dip equator. In this example, the crest region is bifurcated

by the presence of a depleted flux tube. The presence of the equatorial

anomaly could result in a plasma bubble whose percentage depletion varies i

along the magnetic field line (or with latitude).

The excellent alignment of the plasma bubble with magnetic field

lines raises the question of whether the vertical bubble velocity was
small, in spite of a percentage depletion that often exceeded 907. We

consider whether the observed decrease in depletion altitude with increasing

latitude (or time) could be produced by a downward and eastward transport

of the F layer, and then estimate the upward bubble velocity.

A comparison of the location of the depletion at 1138:00 UT (90°)
with that at 1145:16 UT (30° north), shows the altitude difference to be
135 km. Using the descent rate of the F layer of 13 m/s (or ,78 km/min)
computed earlier, we estimate that the F layer descended less than 6 km

in that time interval. Therefore, if the plasma bubble had a zero upward
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velocity relative to the background plasma, the descent rate of the F
layer cannot account for the decrease in the altitude of the plasma

depletion with increasing latitude,

The effects of eastward bulk-plasma drift can be assessed by examin-
ing the east-west spatial distribution of the backscatter plume structure
associated with the primary plasma bubble, Such a map, taken immediately
after completion of the latitude scan (Figures 3 and 4), is shown in
Figure 6, The spatial distribution of backscatter from FAI is shown in
the map by contours of constant backscatter strength. Zero dB corresponds

to equivalent IS backscatter from an electron density of 106 el/cm3.

Two plumes are seen in the map. The plume of interest is located
on the right side of the map, separated from the other plume by a region
of no enhanced backscatter. 1If there were no eastward bulk-plasma drift
(and no upward bubble velocity), the plane of iie latitude scan would
intersect the plume-altitude distribution located in beam-position 13
(measured at 1151:30 UT), shown in Figure 6. If we assume, however, that
there was a mean eastward plasma drift of 130 m/s (Woodman, 1972], the
latitude-scan measurement (at 1139:44 UT) would have intersected the
plume approximately 92 km to the east of beam position 13. Using the
slope of the plume in Figure 6, it is estimated that the plume would
have been situated 35 km lower in altitude than that shown in beam
position 13 at the time of the latitude scan. That is, the plume would
have appeared at an altitude of 525 km at 1139:44 UT, 11 minutes 46
seconds before the measurement at beam-position 13 in Figure 6. Instead,
it was found in Figure 4 that the plume was centered at 540 km. The
15-km discrepancy can, of course, be attributed to a smaller eastward
velocity, or to an upward bubble velocity (relat.ve to the observer),

If the discrepancy is caused entirely by upward bubble movement, the
velocity would have been 21 m/s. As the slope of the plume is nearly
uniform, doubling the eastward drift velocity will double the altitude
discrepancy, and in turn, will double the upward bubble velocity to

42 m/s. From thia line of reasoning, it can be concluded that upward
bubble velocity was probably no more than 40 m/s (and perhaps even zero).

And because both eastward bulk-plasma transport and upward bubble
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velocity result in increased bubble altitude as a function of time, it
can also be concluded that most (if not all) of the 135-km decrease in

bubble altitude with increasing latitude must be a true spatial variation.
To summarize, the principal results are as follows:

(1) Plasma bubbles are magnetic field aligned and can extend over
at least 10° of latitude.

(2) The depth of the primary plasma depletion found in this data
set often exceeded an order of magnitude, or 90%.

(3) Plume backscatter in this example was shown to correspond to
the upper wall of the plasma bubble,

(4) The upward bubble velocity was no more than 40 m/s, and perhaps
as small as zero.

(5) The F layer varied significantly with latitude, up to a factor

7.5 in peak electron density.
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IV DISCUSSION

In this report, we have shown direct evidence that plasma bubbles

are plasma-depleted regions that extend along geomagnetic flux tubes,

The measurements showed that this field alignment extended from over the
magnetic dip equator northward to nearly 10° magnetic dip latitude. The
depleted region of interest had a vertical dimension transverse to the
magnetic field lines of several tens of kilometers. These results are
consistent with the theoretical predictions of Farley [1960], and suggests
the validity of the assumption that magnetic field lines are electric

equipotentials.

The existence of a substantial latitudinal variation in F-layer
electron density profile was also shown, In particular, it has been

shown that the peak electron density increased by a factor of 7.5 from

3°N magnetic dip latitude to 9°N magnetic dip latitude, The latitudinal
variation in F-layer electron density can be explained in terms of an
evening enhancement of the equatorial anomaly. That is, the large upward
displacement of the F layer that occurred around 0830 UT (see Figure 2)

was probably accompanied by plasma diffusion, down geomagnetic field

lines, to higher latitudes, resulting in increased electron densities

there.

m1. e

This behavior of the latitudinal distribution of F~layer electron
density was theoretically modeled by Anderson [1973] and Huang [1974],
using vertical ionospheric velocities measured by the Jicamarca IS radar,
Using an upward F-layer velocity of about 40 m/s, Anderson [1973] and
Huang [1974] showed that the peak electron density could be made to vary
with latitude by as much as a factor of 4, Considering that they used a
smaller upward velocity and a larger downward velocity (about 25 m/s)
than observed during this event, the results are in good agreement with

the theoretical models., Both the upward and downward differences between ;

their model values and those found in this data set can be expected to

21




TR AEETY oy

enhance electron densities at higher latitudes for a longer time. The
persistence of the anomaly to later local times is consistent with the
observations in this event, which occurred between 2240 and 2310 local
time-~-somewhat later than the times of peak enhancement of the anomaly

predicted by the models,

The substantial latitudinal variation in background plasma density
raises an interesting question. What is the expected dynamics of a
depleted magnetic flux tube imbedded in such a non-uniform ionosphere?
What, furthermore, is the expected latitudinal distribution of plasma-
density irregularities within the depleted flux tube? Because plasma
bubble evolution and dynamics in the Rayleigh-Taylor instability model
is an interchange process, in which a magnetic flux tube maintains its
identity and contents, the plasma density within the depleted flux tube--
integrated along that field line--should remain constant. If we assume
that the plasma density within the flux tube is distributed uniformly
along the flux tube, the latitudinal variation in the background plasma
density will result in a local percentage depletion of the bubble that
is also variable with latitude., Variable percentage depletion would
result in variable local bubble velocities and irregularity growth rates

[e.g., Ossakow and Chaturvedi, 1978].

The variation of the corresponding transverse polarization electric
field (which is proportional to the percentage depletion of the bubble)
along the magnetic flux tube implies through the relation curl F=0
that a parallel electric field would develop. We would consequently
expect [ield~aligned current-flow in order to keep the current divergence
free. Tt is not yet clear how the presence of parallel electric fields,
field-aligned currents, and plasma density distribution (as a function of
latitude) will affect the latitudinal distribution of irregularity for-

mation, The implications, however, do not point toward a uniform latitu-

dinal distribution of FAI, An analogous problem of irregularity formation,

associated with a barium ion cloud in an inhomogeneous background ionosphere

was considered by Goldman et al. [1976].

The non-uniform background F layer cleoarly indicates that at least

flux-tube-integrated values of plasma densitv and Pedersen conductivity




should be used when comparing observations with predictions by theoretical
models. A case in point is the observation in Section III that the plasma
bubble rose at a rate of no more than 40 m/s, probably closer to 20 m/s,
and possibly as small as zero, For illustration purposes, we assumed

that the bubble velocity was no more than 50 m/s. Consider first, the
case of a zero ambient electric field, TIf the predictions of the two-
dimensional model presented by Ossakow and Chaturvedi [1979] are now

used, one would expect a percentage depletion of no more than 50%, for a
bubble located at 400 km altitude. From Figures 4 and 5, it can be noted
that the depleted flux tube was at 400 km altitude at 9°N magnetic lati-
tude and that the percentage depletion was closer to 90%. For a 90%
depletion, the same theoretical model would predict an upward bubble
velocity in excess of 100 m/s. The depleted flux tube extends upward to
550 km altitude over the magnetic dip equator. At 550 km, the two-
dimensional model predicts a percentage depletion of less than 107 for

an upward bubble velocity of 50 m/s.

On the other hand, Anderson and Haerendel [1979] showed that smaller
vertical bubble velocities are obtained by using flux-tube-integrated
values. Incorporating the latitudinal distribution of plasma density
produced by the post-sunset rise of the F layer, they computed an effec-
tive upward bubble velocity over the magnetic dip equator as a function
of altitude and local time, The effective bubble velocity (due entirely
to the gravitational force term) can be thought of as the limiting upward
velocity that a depleted flux tube can attain when the percentage de-
pletion is 100%. For lesser percentage depletions, the upward bubble
velocity would be correspondingly smaller. At 1140 UT (2250 LT), the
effective bubble velocity was computed to be 75 m/s at 550 km, the bubble

velocity over the magnetic dip equator.

Without yet considering the effects of the ambient electric field,
we find that the theoretical model using flux-tube-integrated quantities
tends to predict results that are closer to our observations. Next, we
consider how the inclusion of the ambient electric field will affect
this conclusion., A westward electric field that produces the downward

movement of the F layer will also contribute a downward component of
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bubble velocity. This downward component of bubble velocity will tend

to bring the above theoretical estimates in better agreement with our

observations. However, the relative contribution of the ambient electric

fieid to the total bubble velocity is smaller at higher altitudes in the
case of the two-dimensional model as compared to the flux-tube-integrated
model, TFor example, above 450 km altitude, the bubble velocity in the
two-dimensional model is dominated by the gravitational term and the

contribution by the ambient electric field is negligible [Ossakow and

Chaturvedi, 1978]. For similar altitudes, the bubble velocity in the

flux~-tube~-integrated model is still strongly influenced by the ambient

electric field [Anderson and Haerendel, 1979], We find, therefore, that

the tlux-tube-integrated estimate of vertical bubble velocity is in
reasonabie agreement with observations; whereas, the velocity estimate

from the two-dimensional model using local values is not.

We conclude that care must be taken when interpreting observations
quantitatively in terms of predictions by two-dimensional models, using
local values of electron density and ion-neutral collision frequency.
Models using flux-tube-integrated values appear to predict bubble

behavior that is closer to observed bubble behavior, The presence of an

evening enhancement in the equatorial anomaly also introduces a local-

time dependence of the flux-tube-integrated quantities--which must also
be accounted for when predicting bubble dynamics,
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